A B S T R A C T Increasing availability of free fatty acids (FFA) to liver results in enhanced rates of secretion of triglycerides in lipoproteins. However, as FFA uptake increases, triglyceride secretory rates reach a plateau and esterified fatty acids accumulate intracellularly, suggesting that something is limiting lipid transport out of the liver. One possibility could be the limited availability of apoproteins. To test this hypothesis, primary rat hepatocytes in culture were incubated with increasing amounts of FFA (0-2.1 Amol/ dish) and the amounts of lipids and apoproteins inside the cells and in culture media were measured; the latter by specific radioimmunoassays. Media also were fractionated on Sepharose 2B and 6B columns and the elution profiles of apoproteins were obtained. With exposure to increasing amounts of free fatty acids, hepatocytes took up more fatty acids and intracellular levels of triglycerides rose (from 71 to 146 jg/mg cell protein). Concomitantly, media triglycerides nearly doubled (31 to 51 ,g/mg). Incorporation of [3H]glyceride into cellular and media triglyceride also rose. However, levels of apoproteins A-I, B, C-III3, and E in cells and media were unchanged. The increasing amounts of triglycerides in media were present in larger particles, as demonstrated on gel permeation chromatography. The elution profiles of apoproteins B, C-III3, and E were altered in that a greater proportion of the apoproteins eluted with larger particles. Similar results were obtained when hepatocytes were preloaded with increasing amounts of FFA over 12 h and analyses of cells and media were carried out 8 and 22 h after removal of fatty acids from the media. During loading of cells, accumulation of cellular triglycerides was directly related to media FFA concentrations. During unloading, triglyceride secretory rates Dr. Patsch's present address is
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METHODS
Adult male Sprague-Dawley rats weighing 200-250 g (Eldridge Laboratory Animals, Barnhart, MO) housed in a room with a 12-h light cycle (7-19 h) were given water and standard rat chow ad lib. Food was removed at 9 a.m. and animals were anesthetized 3 h later with sodium pentobarbital (5 mg/100 g). Hepatocytes were prepared according to the method of Berry and Friend (11) . Livers were perfused ex situ with oxygenated Krebs-Ringer bicarbonate buffer without Ca++ at 37°C, pH 7.4, containing 50 mg of collagenase (Type IA, Sigma Chemical Co., St. Louis, MO). Hepatocytes were plated on a fibronectin matrix (12, 13) at a cell density of 2-3 X 106 hepatocytes/60-mm dish in arginine-free Dulbecco's modified Eagle's medium (DME, Grand Island Biological Co., Santa Clara, CA) which was supplemented with 0.4 mM l-ornithine, 25 or 5 mM glucose, 10 mM Hepes, 100 U/ml penicillin, 100 mg/liter streptomycin, and 7 or 10% lipoprotein-deficient serum (LPDS). 6 h after plating, cells were washed with saline G, and new media of the same composition were added along with various doses of oleic acid complexed to albumin. Equal volumes of sodium oleate (16 mg/ml) dissolved in saline at 70°C were mixed with 20% bovine serum albumin previously defatted (14) (22) . Rat albumin fraction V (Cappel Laboratories, Cochranville, PA) was used as a standard.
Levels of apoproteins (apo) B, C-III3, A-I, and E were measured by radioimmunoassays (23) (24) (25) (26) (27) . Supernatants of cellular pellets, obtained by sonication in the presence of 0.5% Triton X-100 and subsequent ultracentrifugation at 100,000 g for 60 min, and culture media both produced parallel displacement curves when compared with purified standards. The validity of these assays in the hepatocyte culture system has been described (12, 27) .
To assess lipoprotein distribution of media apoproteins, incubation media were concentrated three-to fourfold by using a Millipore cell (Millipore Corp.) equipped with a pellicon membrane (PTGC 04710) and operated at 5-12 psi. Alternatively, incubation media were concentrated by using dialysis tubing (Spectrapor, mol wt cut-off 3,500, Los Angeles, CA) embedded in Sephadex G-100. Concentrated hepatocyte media were subjected to molecular sieving chromatography on Sepharose 6B and 2B (Pharmacia, Uppsala, Sweden). Columns were eluted with 0.15 M saline, containing 1 mM EDTA, pH 8.2. Columns were calibrated with human very low density lipoprotein (VLDL), low density lipoprotein (LDL), high density lipoprotein (HDL)3, albumin, and '25iodine. The Sepharose 2B column was calibrated with VLDL of defined flotation rates and Stokes radii (28) . Recoveries of immunoreactivity ranged from 80 to 105% of immunoreactivity loaded onto the columns.
Incorporation of [3H]leucine into media apo B subspecies was determined by sodium dodecyl sulfate (SDS) electrophoresis in 3% polyacrylamide gels (29) . After incubation of hepatocytes with 80 ,uCi [3H]leucine/100-mm dish for 16 h in the presence or absence of added oleic acid, media lipoproteins were isolated at a density of 1.21 g/ml by ultracentrifugation (30) . Lipoproteins were delipidated twice with 50 vol of ethanol/diethylether (3:1, vol/vol) for 20 h at 4°C, followed by an ether wash. Albumin cross-linked with dimethyl suberidimate (31) was used as molecular weight standard. Gels were sliced into 5-mm pieces, digested with 30% hydrogen peroxide, and radioactivity was determined.
RESULTS
The time course of TG accumulation in media and cells in response to supplementation with fatty acid was studied first (Fig. 1) . After the addition of a single dose of 1.8 gmol of oleic acid per dish, fatty acid levels in the media decreased at rates resembling first order kinetics, indicating the occurrence of cellular uptake. TG accumulation in the media of these cells was linear and exceeded that of control cells by 50%. Cellular TG content increased by 100%. Addition of a second dose of 1.8 jmol of oleic acid 5 h after the initial dose resulted in peak fatty acid levels of 800 pM and fatty acid uptake thereafter. Cellular TG content increased further, but TG accumulation in the media did not exceed the accumulation rates achieved by cultures that had received only one dose of fatty acid. Thus, uv°. 200-*. 0. synthesis of TG was stimulated by the second addition of fatty acid, but saturation of TG secretion already had been reached by the first dose. In the same experiment, levels of apo B and apo C-III3 in the media increased linearly with time, but no differences in accumulation rates were observed between control and fatty acid-treated cultures (Fig. 2) . (Apo C-Il3 levels in the media increased linearly with time at a rate of 26±3 ng/mg cell protein per hour.)
The responses of media and cell TG levels to increases in media FFA concentration were determined by adding 0-2.1 Mmol of oleic acid/dish to hepatocyte cultures (Table I) because uptake and intracellular esterification of fatty acids has been shown to become reduced by lowering FA to albumin ratio in medium (3). To study effects of FA on lipid and apoprotein synthesis and secretion at conditions that may closer reflect the in vivo situation, three doses of the fatty acid albumin suspension (40 ul each) were added in 8-h intervals. The molar ratio of oleic acid to albumin was <4.5 over the entire experiment. Accumulation of media TG increased to 172% of control cells, cellular TG content increased to 256%, but accumulation of media apo B and apo C-II13 was similar in control and experimental dishes. Cellular contents of these apoproteins were also not affected by oleic acid administration. Since apoprotein mass as determined by radioimmunoassay did not parallel the increases of media lipids, changes in the lipid association of media apoproteins must have occurred. To characterize these changes in greater detail, media of control and experimental dishes were subjected to molecular sieving chromatography and apoprotein contents were determined in column effluents. In the media of control dishes, apo B appeared in two peaks corresponding to elution volumes of VLDL and LDL with trailing in the HDL region (Fig. 3) . Apo C-113 and apo E each appeared as major peaks in the VLDL region, but immunoreactivity also was present in the LDL-HDL elution volumes and a distinct peak was found beyond the elution volume of albumin. Apo A-I eluted as an asymmetric peak near albumin. Administration of fatty acid changed the elution patterns of apo B, apo C-Ill3, and apo E, in that a greater majority of these apoproteins now was found in the VLDL region, and the proportions eluting at or beyond the LDL region decreased. Elution profiles of apo A-I were minimally affected by oleic acid supplementation. The redistribution of apoproteins was a consistent finding and the relative proportions of apo B found in the VLDL fraction increased by 34±10% (n = 3 liver preparations) following fatty acid administration. Distribution of TG in column fractions was also determined. In control cells, the proportions of TG found in VLDL, LDL, and HDL elution volumes were 70, 17, and 13%, respectively. In experimental cells these values were 82, 14, and 4%, respectively.
Immunoassay of apo B may considerably underestimate apo B mass, since part of apo B may be masked in VLDL (31) (32) (33) . The proportion of BL and Bs (apo B large and small, the major apo B subspecies present in rat lipoproteins [34] [35] [36] ), also may determine quantitation by immunoassay. Quantitation of apo B secretion rates was therefore attempted also by measuring incorporation of [3H]leucine into proteins co-migrating with apo B on SDS gel electrophoresis. ELUTION VOLUME (ml) FIGURE 3 Apoprotein distribution following chromatography on Sepharose 6B in control media (0) and after administration of oleic acid (- (Fig. 4) .
The fate of intracellular TG accumulating during exposure of cells to fatty acid was studied next (Fig.  5 ). Cells were preincubated for 12 h with increasing doses of FFA (0-2.2 ,umol). The accumulation of TG by cells during the 12 h depended on the FFA concentration of the media (see 0 h, Fig. 5 ). Cells then were further incubated in the absence of added FFA for 8 and 22 h. During this time, cellular TG fell in all but the 0-dose dishes, whereas media TG rose. Rates of TG accumulation in media were directly related to TG contents of cells at the end of preincubation. The increased accumulation of media TG could only partially account for the fall in cellular TG, which indicates intracellular lipolysis of TG. Apo B accumulation in media of control (0 ,umol FFA) and experimental cells (2.2 ,mol/dish) was similar. In a similar but separate experiment, column chromatography revealed increased lipid association of apo B in media taken from cells which had been preloaded with TG: Note the redistribution of apo B immunoreactivity into the VLDL region (Fig. 6 ).
DISCUSSION
Hepatocytes in culture secrete lipoproteins (37, 38) and retain the ability to increase intracellular TG formation in response to fatty acid uptake (4) . In this study we demonstrate increased rates of accumulation of TG in media in response to increased availability (Tables I and II, Fig. 1 ). The increased rates of accumulation probably reflect increased secretion, since reuptake of TG in control hepatocytes is -10-15%o (27) (Table II) . With increasing availability of fatty acid in the media, TG formed in excess of the secretory capacity and accumulated intracellularly (Tables I and II, Fig.  1 ). Estrogen-induced chick hepatocytes in culture also accumulated TG intracellularly, when exposed to oleic acid (4). TG-rich vesicles were recognized as the morphologic correlates of enhanced intracellular TG accumulation and are thought to function as temporary TG stores when the secretory capacity is exceeded (4).
In our studies, intracellular TG stores fell rapidly upon removal of fatty acid. 22 Tables I and II , increased lipid association of apo B was demonstrated in media (Fig. 6) .
It is possible that apoprotein synthesis did not increase in these experiments because hepatocytes in culture lost their ability to respond to increased fatty acid uptake with increased apoprotein synthesis. However, cultured chick liver cells do respond to thyroid hormone with increased synthesis of fibrinogen and lipoproteins 6 h after hormone administration (41), a time interval greatly exceeded in our studies (up to 40 h). Furthermore, failure to induce increased apoprotein accumulation following administration of oleic acid also has been observed in hepatic perfusates (25) . In these studies, apo C-III3 and apo B accumulation was not enhanced by addition of oleic acid to perfusates, but apo C-III3 accumulation was augmented in perfusates of livers taken from animals fed a high carbohydrate diet for 2 wk. Similarly, hepatocyte cultures obtained from carbohydrate-fed animals retain increased accumulation rates of apo E and apo C-II13 (10) . It would therefore appear likely that hepatocytes in culture can retain their potential for augmenting protein and apoprotein synthesis when provided with the proper stimulus. The fact that increasing FA availability does not result in coordinated synthesis of TG and apoproteins suggests that these processes are not tightly coupled. Other factors may be required to coordinate stimulation, such as hormones. Nevertheless, the ability of apoproteins to interact with differing amounts of lipid intracellularly may be of fundamental importance in the regulation of lipid transport from the liver, since the liver may adapt to short-term changes in needs for lipid transport without the need of stimulating de novo apoprotein synthesis.
